The tumor suppressor TP53 is frequently mutated or inactivated in human cancers. Mutations of TP53 are less common in lymphomas than in other tumors, but the protein is often inhibited by the overexpression of its main regulator -MDM2. In the past 10 years, major efforts have been made to develop drugs that can reactivate p53 and restore its functions. This review focuses on recent advances in the development of small inhibitors of MDM2, which are potentially relevant for the treatment of B-and T-cell lymphomas. We will describe the current state of development of these drugs and discuss their mechanism of action in these hematological malignancies.
Introduction
When p53 was discovered, it was described as an oncogenic cellular protein interacting with the large T-antigen in SV40-infected cells. [1] [2] [3] Several years later, many clues indicated that p53 was not an oncogene, but rather a tumor suppressor. It was then suggested that mutations in the TP53 gene are involved in cancer development, by inactivating wild-type p53 and preventing it from exerting its tumor-suppressor function. 4 A multitude of studies investigating its mechanisms of action have since been published in quick succession.
The structure of p53 can be divided into three parts: the amino-terminus, which contains a transactivation domain and binds to the main negative regulator of p53 -MDM2; the central core, which comprises the deoxyribonucleic acid (DNA)-binding domain that interacts with specific DNA sequences and induces the transcription of p53 target genes; 5, 6 and finally, the carboxy-terminal domain, which binds DNA in a non-sequence-specific manner. The carboxy-and amino-terminal regions undergo posttranslational modifications that modulate the stabilization of p53. However, most cancer-associated p53 mutations affect the core region, and thereby prevent DNA binding and the transcription of p53 target genes. 7 P53 is a transcription factor involved in various cellular functions that maintain cellular integrity and defense against cancer. Several p53 transcriptional target genes have been identified, including important factors for cell-cycle arrest and apoptosis. For example, upon DNA damage or genotoxic stress, activated p53 prevents cell-cycle progression by promoting transcription of the p21 gene (CDKN1A). 8, 9 The p21 WAF1/CIP1 protein is a cyclin-dependent kinase inhibitor, which inhibits G 1 -S and G 2 -M transitions, thus enabling damaged cells to be repaired or to undergo apoptosis. 10 P53 also Blood and Lymphatic Cancer: Targets and Therapy downloaded from https://www.dovepress.com/ by 54.70.40.11 on 12-Oct-2019 For personal use only. Powered Pujals et al stimulates the transcription of the Bax gene, which triggers the intrinsic pathway of apoptosis, 11 as well as that of PUMA 12 and NOXA, which are apoptotic effectors mostly expressed during drug-induced cell death. 13 In addition, effectors of the extrinsic apoptotic pathways, such as Fas/CD95, 14 death receptor (DR)-4, 15 and DR5, 16 are targets of p53. Besides apoptosis and the cell cycle, p53 also controls other processes, such as senescence, 17 autophagy, 18, 19 angiogenesis, 20 and DNA repair. 21 Given its key role in protecting cells, p53 activation is tightly regulated. Indeed, the half-life of p53 is short under normal conditions, and is regulated by numerous E3 and E4 ligases. Ubiquitination of p53 by these different ligases also regulates its nuclear export, mitochondrial translocation, and transcriptional activity. Additionally, deubiquitinating enzymes can reverse these effects and impact p53 function. This complex network of ubiquitin ligases and deubiquitinating enzymes that regulate p53 is well documented in a review by Pant and Lozano. 22 Some of these enzymes, like MDM2 in particular, are essential, while others appear to have minor effects on p53 activities. MDM2 promotes the ubiquitin-mediated degradation of p53, and the loss of MDM2 leads to increased p53 stability/activity. MDM2 is also a p53 target gene; therefore, the p53-MDM2 interaction creates a negative-feedback loop that prevents the accumulation of p53, which in turn reduces MDM2 gene transcription, thus closing the loop. 23, 24 Both proteins interact through their N-terminus, with the interaction domains comprising the first ≈110 N-terminal amino-acid residues of MDM2 and the first 30 N-terminal amino acid residues of p53. For p53, this interaction relies on three hydrophobic residues: Phe19, Trp23, and Leu26. 25 Upon stress (eg, DNA damage or oncogene activation), p53 is activated through posttranslational modifications, resulting in its stabilization. For example, phosphorylation of serine residues in the amino-terminal domain prevents MDM2 from binding to p53, allowing p53 to be stabilized and to exert its functions.
In general, TP53 is mutated (and thereby inactivated) in approximately 50% of all human cancers, but the frequencies of mutations vary greatly from one type of cancer to another. 26, 27 In hematological malignancies, TP53 mutations are relatively uncommon (around 10%), but wild-type p53 is often inactivated through the overexpression of MDM2. 28 Therefore, restoration of the functions of p53, and specifically its ability to induce apoptosis by disrupting MDM2-p53 binding, may be a promising therapeutic strategy. In this review, we focus on the various small-molecule inhibitors of MDM2 that have been tested in the past 10 years in different hematological malignancies.
Antioncogenic activity of nutlin 3 in B-and T-cell lymphomas
Many small molecules inhibiting the interaction between p53 and MDM2 have recently been developed. The first discovered nonpeptidic compounds that selectively disrupt p53-MDM2 binding were developed by Hoffmann-La Roche Ltd (Basel, Switzerland) and are called nutlins. They belong to the 4,5-dihydroimidazole family. Among these molecules, nutlin 3a, which disrupts the p53/MDM2 complex, with a median inhibitory concentration value of 90 nM, appears the most promising. Vassilev et al showed that treatment with nutlin 3a results in the stabilization and activation of p53 in tumor cells harboring wild-type but not mutant p53. 29 In this study, the activation of p53 target genes following nutlin 3a treatment led to the apoptosis of tumor cells in vitro but also in an in vivo model of mice xenografted with a human osteosarcoma cell line. Since its discovery, many studies have evaluated the efficacy of nutlin 3 in various solid or hematological malignancies.
B-cell lymphomas
Several studies have investigated the ability of nutlin 3 to induce apoptosis in mantle-cell lymphoma (MCL). In this malignancy, mutation of the TP53 gene is relatively rare, occurring in 6%-20% of cases, with a higher prevalence in blastoid variants at relapse. 30 Activation of p53 by nutlin 3 is thus an attractive therapeutic strategy in MCL, which has one of the poorest prognoses among non-Hodgkin's lymphomas. In MCL cell lines, p53 activation following treatment with nutlin 3 leads to cell-cycle arrest, growth inhibition, and apoptosis. Furthermore, the combination of nutlin 3 with a proteasome inhibitor, bortezomib, has synergistic effects on MCL growth in both wild-type and TP53-mutated MCL cells, though with higher doses needed for mutated cells. 31 The cytotoxic synergy of nutlin 3 and bortezomib in TP53mutated MCL cells results from mitochondrial apoptosis triggered by the transcription-independent upregulation of Noxa. 32 Therefore, the nutlin 3-bortezomib combination may be an effective antitumor strategy in both wild-type and TP53-mutated MCL cells (Table 1) . Interestingly, Drakos et al also demonstrated that in MCL, the activation of p53 through nutlin 3 is associated with the inhibition of the AKT/ mTOR oncogenic pathway and leads to cell-cycle arrest and apoptosis. 33 Mutations of TP53 are also uncommon (11%) in Reed-Sternberg cells, 34 
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wild-type p53 activation by MDM2 inhibitors for lymphoma apoptosis in Hodgkin's lymphoma cell lines, and that combined treatment with nutlin 3 and commonly used cytotoxic drugs leads to a stronger apoptotic response than any comparable single drug used alone (Table 1) . 35 These results were confirmed by another team, which reported that the stabilization of p53 by nutlin 3 leads to cell-cycle arrest at the G 1 /S checkpoint and the induction of apoptosis through the expression of Bax or impaired expression of the antiapoptotic protein Bcl-2. 36 Similar studies have been performed in Burkitt's lymphoma (BL), a B-cell lymphoma frequently associated with Epstein-Barr virus (EBV). In addition to the deregulation of c-Myc, which is essential for the pathogenesis of BL, disruption of the p53 pathway also contributes to the development of this disease. Inactivating TP53 mutations are frequently (up to 70%) found in BL cell lines and in at least 30% of BL biopsies. 37 Our team and others investigated the status of TP53 and MDM2 in BL cell lines or biopsy samples, and found that in BL cells harboring a wild-type TP53 gene, the function of p53 protein is compromised by the overexpression of MDM2. 38, 39 We thus evaluated the efficacy of nutlin 3 treatment in a subset of TP53 wild-type BL cell lines associated or not with EBV. Irrespective of EBV status, treatment of TP53 wild-type BL cell lines with nutlin 3 resulted in p53 activation. However, while EBV -BL cell lines treated with nutlin 3 were highly susceptible to apoptosis, EBV + cell lines expressing all the latent proteins of the virus (type III latency) were much more resistant. 40 We found that Bcl-2 was overexpressed in these type III latency EBV + cell lines and interacted with Bax, preventing its activation. Treatment with a Bcl-xL/Bcl-2 inhibitor (ABT-737) disrupted the Bax/Bcl-2 interaction, thus enabling Bax activation and the induction of apoptosis by nutlin 3 (Table 1) . 41 Drakos et al also evaluated the efficacy of nutlin 3 in other B-cell malignancies associated with Bcl-2 overexpression. They demonstrated that this compound causes cell-cycle arrest and apoptosis in a subset of diffuse large B-cell lymphomas (DLBCLs) harboring the t(14;18) translocation, a molecular abnormality that leads to Bcl-2 overexpression. In these cell lines, nutlin 3 promotes the accumulation of the proapoptotic proteins Bax and Puma, but also renders TP53 wild-type DLBCL cells sensitive to the activation of the intrinsic apoptotic pathway by a Bcl-2 inhibitor (YC-137) ( Table 1 ). Furthermore, nutlin 3 also inhibits the growth of tumors in mice xenografted with t(14;18)-DLBCL containing wild-type TP53. 42 
T-cell lymphomas
Cutaneous T-cell lymphoma (CTCLs) are a heterogeneous group of TCLs including mycosis fungoides, Sézary syndrome, and CD30 + lymphoproliferative disorders. TP53 mutations occur rarely in CTCL, with recent studies estimating mutation rates of 2% and 5% for mycosis fungoides and CD30 + lymphoproliferative disease, respectively. 43, 44 The efficacy of nutlin 3 has been tested in these lymphoproliferative disorders. Manfé et al showed that nutlin 3 treatment led to the accumulation of p53 and subsequent apoptosis and senescence in several TP53 wild-type CTCL cell lines, 45 whereas TP53-mutated CTCL cell lines were not sensitive to nutlin 3. Their data also indicated that the induction of apoptosis and senescence following nutlin 3 treatment does not depend on the transcriptional activity of p53.
Reactivation of wild-type p53 by nutlin 3 treatment was also assessed in ALK + anaplastic large-cell lymphoma (ALCL), a T-cell lymphoma characterized by translocations or inversions involving the ALK gene. Most ALK + ALCL tumors carry a wild-type TP53 gene. 46 Nutlin 3 inhibits the growth of these cells by upregulating p21 and induces apoptosis, in part through the upregulation of the proapoptotic members of the Bcl-2 protein family, Bax and Puma, but also by the activation of the extrinsic apoptotic pathway. The activation of the extrinsic pathway is caused by the upregulation of death-domain receptors like DR5 or TRAIL, which are p53 target genes, and the downregulation of the antiapoptotic molecule c-Flip S/L . Interestingly, nutlin 3 and the chemotherapeutic agent doxorubicin have a synergistic antitumor effect on p53 wild-type ALK + ALCL cell lines (Table 1 ). This combined treatment was also tested in TP53-mutated cell lines, and resulted in caspase 3 activation associated with high levels of p73α expression. 47 
Antioncogenic activity of spirooxindoles in B-cell lymphoma
Shangary et al used a de novo structure-based approach to design spiro-oxindoles, which are a new class of inhibitors of the MDM2-p53 interaction. 48 This class of molecules includes three compounds -MI-63, MI-219, and MI-319whose antioncogenic activity has been studied in several types of tumor. These molecules bind MDM2 with high affinity, which leads to the activation of the p53 pathway and subsequent inhibition of cell growth in cancer cell lines expressing wild-type TP53. MI-63 is considered unsuitable for in vivo studies because of its poor pharmacokinetic profile. However, MI-219 is an orally available compound that exhibits good pharmacokinetic and pharmacodynamics properties (oral bioavailability of 65% in rats compared to 10% for MI-63). 49 In vitro and in vivo results obtained by Shangary et al show that MI-219 activates p53 and induces cell-cycle arrest in both normal and tumoral cells, but apoptosis only occurs in the latter. The efficacy of MI-219 has been evaluated with in vitro and ex vivo experiments and compared to that of nutlin 3 in a subset of B-cell lymphomas (small lymphocytic lymphomas and marginal zone lymphoma primary cells). 50 These experiments demonstrate that MI-219 significantly impairs the viability of TP53 wild-type lymphoma cells more effectively than nutlin 3 ( Table 1 ). Experiments carried out in lymphoma cell lines indicate that this difference may be explained by the strong ability of MI-219 to induce autoubiquitination and degradation of MDM2, which correlates with the robust upregulation of p53 and subsequent transcription of some p53-dependent apoptotic genes.
In vitro and in vivo experiments have also been performed to test MI-63 in MCL cell lines. Jones et al showed that MI-63 inhibits cell proliferation by inducing both cellcycle arrest and apoptosis in a p53-dependent manner. 51 Treatment of cells with MI-63 promoted the expression of p53 target genes like P21 and PUMA, stimulated caspase 3 and 8 activities, and led to p53 phosphorylation on serine 15, 37, and 39, which coincided with DNA damage. This study also assessed the ability of MI-63 to induce apoptosis in primary cells derived from patients with blastoid MCL. MI-63 treatment resulted in the accumulation of p53 in these cells, stimulated p21 expression, and inhibited tumor-cell growth. The combination of MI-63 and others drugs (bortezomib or rapamycin) showed synergistic antiproliferative effects (Table 1) . In another study, the same team evaluated the efficacy of MI-63 combined with gemcitabine, an anticancer agent that impairs DNA replication through the inhibition of ribonucleotide reductase. 52 These drugs showed a synergistic effect both in MCL cell lines and primary MCL cells. They then used immunodeficient mice xenografted with MCL cell lines to evaluate the effectiveness of this combination in vivo. Mice were treated with MI-219, the in vivo formulation of MI-63 and gemcitabine. Each drug alone slowed tumor growth in this mouse model, and low doses of each compound in combination showed a cooperative effect. No side effects were observed in this study when these two drugs were used alone or in combination.
The efficacy of MI-219, MI-319, and nutlin 3 has also been tested in follicular small-cleaved B-cell lymphoma (FSCCL). This analysis was performed in vitro using cell lines or primary lymphoma cells, and in vivo, using an FSCCL systemic xenograft model. 53 In this study, these three drugs induced p53 target-gene expression and limited cell growth in a p53-dependent manner, with similar efficiency in all cell lines tested, although the affinity of MI-319 for MDM2 protein was slightly higher than that of MI-219 and nutlin 3. MI-319 was the only drug tested in vivo. Mice inoculated with FSCCL and treated with the drug survived longer than control mice.
Other small molecules targeting MDM2
One factor limiting the efficacy of nutlin and the MI class of drugs is the high expression of MDMX, another negative regulator of p53. MDM2 and MDMX cooperate to regulate p53, mostly because MDMX activates the MDM2-dependent degradation of p53. Although the MDM2 and MDMX genes are highly homologous, there are structural differences between the p53-binding pocket of the two proteins, which explains the poor affinity of nutlin 3 and MI drugs for MDMX. MDMX is overexpressed in many cancers, which can limit their sensitivity to MDM2 inhibitors. One study evaluating the effect of MDMX on the activation of p53 in various tumors cells showed that MDMX modulates the biological response of several BL cell lines to nutlin 3. 54 In nutlin 3-sensitive BL cells, an inhibition of MDMX expression was observed after treatment, whereas in BL cells that were resistant to nutlin 3, MDMX levels were unaffected. These results suggest that in cell lines where no MDMX degradation occurred, nutlin 3 failed to induce apoptosis. This study also demonstrated that the inhibition of MDMX expression by short hairpin ribonucleic acid sensitizes MCF7 breast cancer cells to nutlin 3-induced apoptosis. Altogether, these data indicate that MDMX is an important determinant of the outcome of p53 activation. In another study performed wild-type p53 activation by MDM2 inhibitors for lymphoma in the Eµ-Myc mouse model of lymphoma, Garcia et al showed that restoration of p53 in lymphoma-bearing mice leads to longer overall survival in mice lacking MDMX than in control mice expressing MDMX. 55 Recent effort has been made to develop dual MDM2/MDMX antagonists in light of these observations. Graves et al identified small molecules that block p53 binding to both MDM2 and MDMX. These compounds restore p53 activity and offer a therapeutic option to overcome the resistance of MDMX-overexpressing cancer cells to MDM2 antagonists. 56 Another class of molecules developed to promote p53 activation in cancer cells are inhibitors of the E3 ubiquitin ligase activity of MDM2. One such molecule, JNJ-26854165 (serdemetan), a tryptamine derivative developed by Johnson & Johnson, has demonstrated preclinical efficacy in the treatment of acute myeloid and lymphoid leukemias 57, 58 and in various solid tumors. 59 Jones et al also evaluated this molecule in models of MCL and multiple myelomas. 60 They found that serdemetan inhibits the proliferation of TP53 wild-type and -mutant cell lines in a dose-dependent manner, as well as that of TP53 -/and MDM2 -/murine embryonic fibroblasts (albeit with lower efficiency), suggesting that serdemetan does not act specifically as a p53/MDM2 inhibitor (Table 1) . They next investigated the mechanism of action, and showed that serdemetan inhibits cholesterol transport in MCL and multiple myelomas, and that this effect is related to the induction of cell death.
Clinical trials with MDM2 inhibitors in hematological malignancies
A large number of MDM2 inhibitors have already progressed to advanced preclinical development or early phase clinical trials ( Table 2) . Structure-based optimization of nutlin 3 has been done to generate RG7112 (RO5045337; Hoffmann-La Roche Ltd), which is currently under testing in clinical trials for various types of cancer (ClinicalTrials.gov identifiers NCT01164033, NCT01143740, NCT00623870, and NCT00559533). RG7112 is resistant to oxidation, which had been a problem with earlier drugs, has a reduced molecular weight, decreased metabolic liability, and binds to MDM2 with an affinity of 11 nM compared to 90 nM for nutlin 3. 49 Therefore, RG7112 is three times more potent than nutlin 3 in inhibition of cell growth. The first published results of these trials come from a proof-of-mechanism study performed in patients with amplified MDM2 liposarcoma. The analysis of biopsy specimens revealed that treatment with RG7112 promoted the accumulation of p53 and p21 proteins (assessed by immunohistochemistry), as well as that of MDM2 messenger ribonucleic acid, and inhibited cellular proliferation (assessed by Ki67 labeling). 61 Furthermore, there was a significant correlation between levels of MIC-1, RG7112 exposure, and tumor-cell apoptosis, suggesting that MIC-1 is a potentially valuable pharmacodynamic biomarker. Among the 20 patients enrolled, one experienced a partial response, 14 had stable disease, and five showed disease progression. However, there was a high rate of adverse reactions, including thrombocytopenia and neutropenia. A multicenter Phase I study was also performed for patients with relapsed/refractory leukemia or small-cell lymphocytic lymphomas who were treated with increasing doses of RG7112. Activation of the p53 pathway in patients treated with RG7112 was demonstrated by an increase in serum levels of MIC-1 and the induction of p53 target genes, including MDM2, P21, and PUMA. This study shows that RG7112 has single-agent clinical activity, since it significantly lowers blast counts and even leads to complete remission in some AML patients (16%). 62, 63 The efficacy of RO5503781, another MDM2 inhibitor developed by Hoffmann-La Roche Ltd, is currently being tested in a Phase I/IB trial as a single agent or in combination with cytarabine in patients with AML (NCT01773408). This molecule is also under evaluation in another multicenter study designed , which is being tested in a Phase I ascending study in patients with advanced solid tumors or lymphomas (NCT01877382); CGM097 (Novartis International AG, Basel, Switzerland), which has been under evaluation since 2013 in a Phase I escalation study in patients with advanced solid tumors (NCT01760525); and finally SCH 900242 (MK-8242; Merck & Co Inc., Whitehouse Station, NJ, USA), which is being tested in two Phase I clinical trials as a single agent in patients with advanced solid tumors (NCT01463696) or in combination with cytarabine in patients with AML (NCT01451437). The results of all these Phase I clinical trial are not yet published.
Conclusion
Since its discovery in 1979, p53 has been the subject of numerous studies, and the mechanisms involved in its tumorsuppressor functions are now well understood. However, the translation of fundamental research carried out on p53 into clinical practice remains challenging. In the past 10 years, major efforts have been made to develop small molecules able to correct a dysfunctional p53-regulatory pathway. Many MDM2 inhibitors, which block p53-MDM2 interactions, have been synthesized and tested in a large panel of tumors, including lymphomas. Results obtained in vitro with nutlins or MI drugs on various types of B-and T-cell lymphomas are promising, and clinical trials are ongoing to test these inhibitors in different hematological malignancies. However, some important issues remain to be addressed to improve the benefit of these drugs for patients. For example, biomarkers that can accurately predict the response of patients to MDM2 inhibitors await discovery. An understanding of the mechanisms of intrinsic or acquired resistance to these drugs should also lead to better patient management. Various mutations, occurring in the DNA-binding domain of p53, have already been shown to confer resistance to MDM2 inhibitors. Furthermore, a mutation that abrogates p53 transcriptional activity has been observed in cell lines after prolonged exposure to nutlin 3 treatment. 64, 65 These data indicate that seeking the TP53 status in cohorts of patients before inclusion in clinical trials and after relapse could help strategize treatment plans for patients and could improve our understanding about these resistance-conferring mutations.
Many studies have demonstrated that MDM2 inhibitors may be used either as a single agent or in combination with other anticancer drugs. These combined approaches seem to be successful, and constitute promising treatments for patients with lymphomas that retain wild-type TP53.
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